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Water as a therumacoustic working fluid

c. w. swift

Condensed Matter ad Thermal Physics Croup

Los Alamos

This short report,

discusses thermodynamic

National laboratory. Los Alamc)s. NM 87545

addressed only to the thernuacoustic cognoscenti.

and transport properties of

water”s virtues as a thermoacoustic working fluid.

calculations are prese,~ted. showing that water is a

rough design for a sound source using water is aiso

point for discussing the merits and difficulties of

water with ●mphasis on

Short-stack-approximt ion

good working fluid. A very

presented, as a startii~

this techr.ology.

To date, we kve used air, helium gas. axl liquid sodium as working fluids

-n our thermoacoustic heat engines. The present etudy of yater as a working

fluid was begun beaause water in the mst coasmn. safest, least expensive fluid

on our planet. and hence the Posmible simplicity of using water in engines is

appealing. Thin simplicity 10 most attractive in the ocean, as illustrated here

by two examples of possible applications.

First, it is desirable to use very low frequencies in underwater acoustics

because low-frequency sound suffers lemn attenuation than high-frequency sound,

However, low-frequency mound sources using conventional piezoelectric technology

are complex and inefficient: 8hiptird heat is converted to electric power,

which is then co~lverted first to dc and then to ac electric power of the desired

frequency. which then drives piezoelectr~c ~teriale arranged in a

““flextensional” or other leveraged nrrangenmnt to produce the large displacement

ampli .udes required at low frequencies. The possibility of converting heat

~cctlv to acoustic power inmost appealing, especially if water itself can be

ueed as the working substance. Such a eound source might be useful for

continental-shelf petroleum exploration.

A second possible application of ocean thermoacouetico is the use of heat

from deep–sea hydrothernsil venig to do something useful much no generate

electricity. This possibility was first suggested to us by tirles Stunrt of
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MRPA . Enormoiis quantities of heat are delivered by these vents at temperatures

as high as &O°K, but any equipnent designed to use this heat would have to be

exceptionally simple arxl reliable because of the great difficulty of installing,

repairing, and maintaining anything at such depths. Interestingly, such high-

-pressure water was used as a heat engine working substance in the 1920”s by

J. F. J. Malone, who built a 50-horsepower c~l-burning Stirling engine that

used 700-bar water as its working fluid!

Rele extt Drotmrttes ov f water

The two most important thermophysical properties of E thermo.acuustic

working fluid are the thermal expnsion coefficient ~ = –(l/p) (dp/iW)p (where p

is density, T is temperature, emd P is pressure) and the Prandtl number o =

pCp/K (where~ Is dynemic viscosity, ~ is isobaric specific heat. and K is

thermal conductivity).

The ther-1 expmmion coefficient mst obviously be the mmst important

property a heat-engine working fluid has. as it couples haat flow to mechanical

powar. For the ideal gas, the mat comnon heat-engine working fluid, we all

know that T~ ■ 1. Host of us have the seriously flawed idea of T@ for an

arbitrary fluid shown in Fig. l(a). We naively expect tbt vapors are

essentially ideal gases. with T~ = 1. while liquids essentially have R density

irwlependcnt of te~rature (and pressure), ● that T~ = O. We nay know that

umt thermodynamic derivatives go to infinity at the critical pint, and we’re

protmbly not cure what happens almmwhere.

In Fig. l(b) we show contourm of constent T~ in the P-T plane for water.

These curves are very similar for othar fluids. when :plo~ted orI axem nornlized

by the criti~l temperature and preesure. We ●e that water vapor does indeed

behave wch like an ideal gas. Liquid water im. however. far mre e~sive,

more ~werful, than we would naively expect. At room temperature. TD < 0,1; but

everywhere above 150°C. liquid water has a large enou~th expm)sion coefficient to

be an excellent heat-engine worki~~ fluid. Arid T~ > ;1 Occurs over a very inrgc

region. not just in the inmedinte vicinit.{ of the cril-lcal point.

We mention a few factu to put the nx~~mof Fi~. l(b) in context for

plmctical ocean applic.utionn. We note ttu~t cmmmn ~tl’uctural mterials, such ns

mtaillless uteel. lose considerable strmngth dove E40700°C, m thnt mimplo
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devices will have to o-rate below 7~°C. Judging from hydrophore

specifiutions in D tirporation’s atalog. we guess that underwater acoustic

exploration operations arc generally carried out at depths such that the

pressu~e 1s less than or equal to 50 tar. The deep-sea hydrothermal vents are

at far greater depths. where the pressure is grater than XXI hr.

The other thermophysical quantity of key importance in thermoacoustics is

the Prandtl number U. basically a dimensionless ratio of viscosity to thermal

conductivity. Thermoacoustic engines work best for low-Prandtl-number fluids.

This is because considerable heat-transfer surface area is required in the

“stack”’ of a thermacoustic engine, and viscous shear occurs on all that surface

area, dissipating acoustic power. For the monatomic ideal gas, u = V3, a value

that we know is acceptably low for practial applications. Figure 2 displays u

for writer. It 1s somewhat greater than for mcmttomic gases; but only below

lCN30C, where T~ is prohibitively smll anyway. IS u really large.

estinmtes for short eIIIWE

To mke a quick. nemi-quantitative survey of water’s suitability as a

thermoacoustic working fluid, we used the chort-engine approxinwition [Eqs. (76)

and (80) in the review/tutorial article. J. Acoust. SoC. Am. Qg. 1145 (198.S)] to

compute power density and efficiency at various values of T and P.

Thermophysial proprties of water are computed with a code written by Andrew

FUSCO. Ixised on the 1967 Steam Tablen. Fresh water and salt water are

essentially identical for theme purposes. A large number of asmmptions were

built into the MUTLAN ctde for this short-engine thermoacoustic calculation. so

that the raaults would be simple enough to interpret at a glance. These

assumptions are reasonable. bsed on our other e~rlence in thermoacoustics;

but we will not be surprined if experiments and more sophisticated calculations

eventually rnhow fmctor-of-two disagreement with theee short engine results.

The assumptions built into these calculations are: 1) The plate spacing is

four thernnl penetretton depthn. 2) The plates are stainless steel mnd their

thicknes~ is chosen EO that E = 0.1, if possible subject to the constraint thnt
s

the plate thickoe~s be greater than 0.(XR5 inche~ and less than the pln~e

IJpac!ng. 3) The acoustic pressure amplitude PA is as large as possible, subjcc.t
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to four constraints: a) the total energy flow ~ <300 w/lHr12so that effective

heat exckmgers are possible; b) che Reynolds number bsed on viscous penetra-

tion depth is less than 10a, so tha~ the flow is leuninar; C) PA < 0.81P–p~atl,

so that the acoustic oscillations do not awry the fluid to the liquid-vapor

equilibrium line; d) PA < 0.1 P both in the vapor and for T > Tcrit, so that

nonlinearlties arising from the (~ ● ~) ~ term in the Navier-Stokes equation can

be neglected. 4) The stack position and stack length are chosen to nmximize

[TV’nc]’[~/MT]where @qc is the efficiency normalized by C%rnot’s efficiency

d fi/MT is the acoustic power generated per unit area of resonator per unit

temperature difference across the ~tack.

The results of these calculations are shown in Fig. 3, for a frequency of

100 Hz,. The efficiency is high. about 15-20%. everywhere except at very low

temperatures where both 13and u are unfavorable. and In smll regions above but

near the crlti-1 point where, apparently, the deleterious effects of large u

overwhelm the beneficial effects of large ~. (This effect deselves more

attention some day.) The power density is generally in the range of

10-’ - ld W/cmZ-K, and is generally higher at higher P where higher PA is

possible. Tom Cabrielson at NAIXYWarminster has independently calculated

efficiency and power density in a mre limited regime. in agreement with these

results. Overall, water looks like a perfectiy satisfactory working fluid.

Results at 5(X) Hz are similar to those at 103 Hz: Water is satisfactory at

essentially all frequencies.

9. t a la Ue W-)r derwater so und sol Ircc Intfz ~t look like

We conclude this report with u briei’, crude design of a ‘heat-driven sound

source suitable for use in the ocean at ri depth cf ltXM feet. The device is

shown in Fig. 4. We donut know if this device satisfies any realistic needs: h?

only present it as a etarting point for discussing ~he qualitative merits and

difficulties of this technulw. We lcavei nm.ny questions unposed!

We u9e the Vapor phase at a pressure of 34) br. with a pressure amplitude

of 3 bar at the standing-wave antinodcs. The resonator is closed at the top cmd

open at the bottom, so the llquicl--vapor interfmce at 210°C at the bottom of the
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resonator is gravitationally stable. Because of the large impechmce m!smatch

between liquiti and vapor. the resnator’s fundamental mode has a ha!f wavelength

filling the tube length; at f = 200 Hz, ?d2 = 1.3 m.

We suppose the engine operates between 700°C and 250°C. Figure 3 shows

t/MT = 0.01 W/cm*-K, so ~ = 9 kW of acoustic power is produced in the

SO-cm-disuneter resonator. Radiation of this power into the open water

surrounding the device produces 210 dB re 1 IJPa @ 1 m. It will be necessary to

reduce the diameter of the bottom opening of the resonator to about 25 cm to

radiate this a.mmu~t of power into the liquid water. A laiger dismeter opening

would radiate too much power. draining too much energy out of the resonance and

killing the oscillations. A smiler diameter opening would trap too much power

in the resonator, so that some of the 9 kW produced in the stack would increase

the amplitude of the resonance, until nonlinear processes in the rasonator began

dissipating power.

Figure 3 also shows that #qc = 1S%. so q = S% for these temperatures.

Thus 1(X3 kW of heat mre required to drive the engine. Gemical heat sources

such as Li-SF6 have an exler~ density of the order of 104J/gm. so that the

device consumes ‘0 I#s = 100 lb/hr of fuel.

-:,.
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